The elucidation of cross-talk events between intersecting signaling pathways is one main challenge in biological research. The complexity of protein networks, composed of different pathways, requires novel strategies and techniques to reveal relevant interrelations. Here, we established a combinatorial RNAi strategy for systematic single, double, and triple knockdown, and we measured the residual mRNAs and proteins quantitatively by quantitative real-time PCR and reverse-phase protein arrays, respectively, as a prerequisite for data analysis. Our results show that the parallel knockdown of at least three different genes is feasible while keeping both untargeted silencing and cytotoxicity low. The technique was validated by investigating the interplay of tyrosine kinase receptor ErbB2 and its downstream targets Akt-1 and MEK1 in cell invasion. This experimental approach combines multiple gene knockdown with a subsequent quantitative validation of reduced protein expression and is a major advancement toward the analysis of signaling pathways in systems biology.
C
omplex protein networks evoke an increasing demand for suitable methods to elucidate cross-talk between signaling pathways. For example, tumor invasion integrates three major pathways: the growth factor-signaling pathway, the integrinmediated pathway, and the Rho family GTPases (1) . Overall, these pathways comprise Ϸ130 proteins (2-4), and currently little is known about how cross-talk events between these pathways impact tumor invasion. A common strategy to obtain insight into protein activities would be to knock down each of these proteins and to measure the induced effects on cell invasion. However, synergistic information about pathway crosstalk should be better attained through analyzing several proteins in parallel, e.g., via RNAi by multiple knockdown. Xia et al. (5) established small-scale multiple knockdown via a tetracyclineregulated pol II promoter construct that allows for the simultaneous expression of up to three short hairpin RNAs (shRNAs). In a different approach, Huang et al. (6) used siRNAs directed against different variants of Rab5 to understand their contribution to clathrin-dependent endocytosis. This work offered insights into the use of multiple siRNAs and revealed that systematic approaches for the production of double or triple knockdown by siRNA technology might be promising for the analysis of complex cellular processes. However, this approach was restricted to the use of siRNAs against different variants of the same protein, and the protein knockdown was not quantified. The validation of gene knockdown is a critical parameter in RNAi experiments, and current technologies suffer from the poor correlation between RNA and protein levels of expressed genes [quantitative real-time PCR (qRT-PCR)] (7) or a low dynamic range (Western blot) (8) .
Here, we describe a combinatorial RNAi strategy for a systematic knockdown of multiple genes by chemical siRNAs as a simple and highly reproducible method, and the quantitative measurement of gene silencing at the level of both mRNAs and proteins with help of qRT-PCR and reverse-phase protein arrays (RPPA), respectively. We validated this approach by producing single, double, and triple knockdown to reveal the interrelationship of tyrosine kinase receptor ErbB2 and its downstream targets Akt-1 and MEK1 in tumor cell invasion. The parallel knockdown of different proteins in combination with a sensitive and quantitative analysis of especially protein expression will be an essential tool to study cross-talk between different pathways in a systematic way and help elucidate the role of proteins in a defined network.
Results
Targeting Three Endogenously Expressed Genes in Parallel and Optimization of Transfection Conditions. In an initial proof-of-concept study, HCC1954 cells (derived from human primary breast tumor) were transfected with a pool of ErbB2 siRNAs either alone (single transfection), in combination with either GFP siRNA or Lamin A/C siRNA (double transfection), or in combination with GFP and Lamin A/C siRNAs (triple transfection). Then, we investigated the level of ErbB2 knockdown in these transfection set-ups. The ErbB2 protein expression was efficiently reduced (Ͼ60%) in single, double, and triple knockdown [supporting information (SI) Fig. 5 ]. These results demonstrated the feasibility of applying multiple siRNAs without saturating the RNAi machinery (RNA-induced silencing complex).
Next, a parallel knockdown of the three proteins Akt-1, ErbB2, and MEK1 was performed, and the repression of each protein in single, double, and triple siRNA transfections was quantified. To define the siRNA concentration with respect to the optimal balance between side effects and high level of protein silencing, we tested three different concentrations (in pools of 20 nmol/liter, 40 nmol/liter, and 80 nmol/liter final concentration for each gene). The genes were silenced with pools of four different siRNAs and corresponding protein knockdowns were examined initially by Western blot (Fig. 1A) . The ErbB2 knockdown was successful at all three siRNA concentrations.
RPPAs (Fig. 1B) showed that the knockdown was Ͼ75% for single, double and triple transfections, already for the lowest concentration. However, we also observed a reduction of ErbB2 protein in Akt-1 or/and MEK1 transfected samples, and this effect increased with higher siRNA concentrations. In the case Author contributions: Ö .S. and D.A. designed research; Ö .S., C.L., and H.A. performed research; H.A. contributed new reagents/analytic tools; Ö .S., C.L., U.K., H.S., A.P., S.W., and D.A. analyzed data; and Ö .S., U.K., H.S., A.P., S.W., and D.A. wrote the paper.
of Akt-1 knockdown, the reduction was similar in single, double, and triple transfections for all siRNA concentrations. Compared with the ErbB2 knockdown, the repression of Akt-1 protein level was less (between 51% and 73%), and did not increase significantly with higher siRNA concentrations (Fig. 1B) or higher amount of transfection reagent (SI Fig. 6 ). Although we could clearly observe a reduced expression of MEK1 in single, double and triple transfections by Western blot (Fig. 1 A) , the microarray-based detection did not confirm these results. However, TaqMan analysis (SI Fig. 7) shows that MEK1 reduction was already efficient with 20 nmol/liter siRNA. Knockdown at the mRNA level was Ͼ70% for ErbB2 and Akt-1 and Ͼ90% for the MEK1, both with siRNA pools and with individual siRNAs (SI Fig. 7 and Fig. 2 ). Overall, our data show that effective knockdown (Ͼ60%) at the protein level for each of the genes was obtained at 20 nmol/liter siRNA, and that this concentration led to lowest cytotoxic effects (Fig. 1C) .
Untarget effects, i.e., the repression of non-targeted proteins (7), increase with elevated concentrations of siRNA (9). Our results for actin and ErbB2 protein levels let us suppose that this increase of untarget effects is also true for the combinatorial RNAi strategy. The Western blot data suggested that the expression level of actin was not different in any of the transfection conditions, but the protein microarrays detected clear changes in the actin expression level. Whereas the actin signals varied between 5% and 25% for the transfections with 20 nmol/liter siRNA, this range increased to between 24% and 51% for 40 nmol/liter siRNA, and to between 39% and 78% for the 80 nmol/liter siRNA concentration (Fig. 1B) . These data correlate with the results of the cytotoxicity assay (Fig. 1C) .
Analysis of Different siRNAs in Combinations.
To validate the specificity of knockdown for the targeted proteins as well as the nonspecific effects on actin and ErbB2 expression changes, we next assembled two different siRNA sets from individual duplices (SI Materials and Methods and SI Fig. 8 ) for each gene and measured the efficiency of down regulation on mRNA and protein levels (Fig. 2) . For Akt-1, an efficient down-regulation on mRNA level (80%) and protein level (60%) was measured for both sets with 20 nmol/liter and 80 nmol/liter siRNA. Downregulation of ErbB2 was more efficient with set 1, especially in double knockdowns. As already observed with siRNA pools, with both siRNA sets the knockdown of Akt-1 and MEK1 reduced the expression of the non-targeted ErbB2, and this effect was strongest with 80 nmol/liter siRNA. It was also stronger for set 1, especially on mRNA level. Unexpectedly, we detected low fluctuations of the actin mRNA levels for both sets and at both concentrations, whereas we determined considerable heterogeneity at the protein level. In contrast to siRNA pools, we determined a substantial reduction of actin protein levels with both siRNA sets at 20 nmol/liter siRNA, whereas at 80 nmol/liter only little effect was seen. Obviously, siRNA pools dilute the untarget effects of different siRNAs on actin, but not on ErbB2.
Measurement of Untarget Effects. To examine untarget effects more thoroughly, we selected four additional non-targeted proteins and quantified the corresponding mRNAs and proteins after single, double, and triple transfections using siRNA sets at 20 nmol/liter and 80 nmol/liter. The stress-activated p38 MAPK is not related to the growth factor activated ErbB2-signaling pathway (SI Fig. 9 ), and we did not detect any significant changes in mRNA or protein levels at any condition (Fig. 3) . The insulin-like growth factor 1 receptor (IGF-1R) and the estrogen receptor ␣ (ER-␣) are related to the ErbB2-signaling pathway. IGF-1R activates Akt-1 and MEK1, and the ER-␣ is a downstream substrate of both Akt-1 and MEK1 (SI Fig. 9 ). The TaqMan data for both genes show a high, nonsystematic fluctuation of mRNA levels. However, we could not detect significant changes on protein level (Fig. 3) . For ER-␣, we measured a slight reduction for both siRNA sets in the 80 nmol/liter transfections, but the level of reduction did not exceed 20%. It has been shown that inhibition of the Akt-1 pathway through ErbB2 and phosphatidylinositol 3-kinase (PI3-kinase) results in down-regulation of CDK2 at the transcriptional level (10) . We detected this effect also when we measured the protein expression of untargeted CDK2 after down-regulation of Akt-1 or ErbB2 (Fig. 3) with 20 nmol/liter siRNAs, but not at the 80 nmol/liter concentrations (Fig. 3) . In double transfections, this effect was only seen with siRNA set 2 at 20 nmol/liter. However, we could not confirm these specific effects by TaqMan analysis. Conversely, the TaqMan result for the double transfection Akt-1 and ErbB2 siRNAs suggests an up-regulation of CDK2.
Systematic Knockdown of Proteins as Suitable Tool to Reveal Their
Role in Cell Invasion. We next tested the combinatorial RNAi strategy for its applicability to analyze a protein network and to gain knowledge on the interconnections of ErbB2, Akt-1 and MEK1 proteins during cell invasion (Fig. 4) . To this end, we tested whether the combinatorial knockdown of proteins was suited to induce effects on the invasive phenotype of the highly invasive HCC1954 cell line. Any changes in the number of invaded cells would directly reflect the role of each protein alone or in combination with the others on cell invasion. Loss of Akt-1 protein indeed resulted in a strong reduction in the number of invading cells, demonstrating that 60% depletion of Akt-1 protein (Figs. 1B and 2 ) was sufficient to induce this phenotypic effect. In contrast, repression of the ErbB2 protein alone did not affect the invasive capacity of HCC1954 cells, even though knockdown was Ͼ90%. Similarly, down-regulation of MEK1 resulted only in a slight reduction of invaded cells. These results indicate that the Akt-1 pathway is dominant for the invasive phenotype (Fig. 4B) . However, double-transfection with ErbB2 and MEK1 siRNAs induced a significant decrease of invasion potential in HCC1954 cells, when compared with single knockdown of either protein. Knockdown of Akt-1 together with ErbB2 or MEK1 led to the same effect as knockdown of Akt-1 alone. Unexpectedly, the triple knockdown induced a lower reduction of invasiveness.
Discussion
In the present study, we developed and optimized a combinatorial RNAi strategy, allowing a fast, efficient, and systematic investigation of pathway interrelations. We knocked down three proteins, Akt-1, ErbB2, and MEK1 alone and in combinations and quantified the expression level of each mRNA and protein.
With our approach we aimed to keep the untarget effects and cytotoxicity at the lowest possible level. The phenotypic effects of single, double, and triple transfections were determined by means of a cell invasion assay.
The measurement of knockdown was done quantitatively by RPPA and was compared with qRT-PCR data. In contrast to established protein analysis procedures like Western blot (8) and ELISA, RPPAs allow for a quantitative analysis of protein expression providing a linear relationship between protein concentration and antibody signal over a higher range of protein concentrations. In addition, protein expression profiling can be performed on a large scale for a high number of different target proteins (11) . Employing the RPPA approach, we showed that the endogenous protein level of ErbB2 protein was reduced by 77-93%, and for Akt-1, the reduction was between 51-73%. However, we could not quantify the MEK1 protein with RPPA, indicating that the availability of specific and sensitive antibodies is still a pressing issue.
As the RNAi mechanism targets specific mRNAs, it is well established to use TaqMan analysis to monitor untarget effects, although it is rather the reduced level of the targeted protein that is responsible for phenotypic changes. Furthermore, downregulation of mRNA is not always correlated with the amount of residual protein (7, 9) . Our data suggest that high fluctuations on mRNA level occur especially for genes which are related to the pathways under consideration, but these fluctuations do not necessarily reproduce on protein level. Turnover rates of target proteins and buffering systems within the cell may contribute to this observation. Our results for ER-␣, CDK2, and ErbB2 as well as the cytotoxicity test demonstrate that untarget effects can be minimized by using siRNA at low concentrations. With respect to our results on actin, we conclude that using siRNA pools could dilute untarget effects that were observed with single siRNA sets.
To test the combinatorial RNAi strategy for the study of a cellular process, we examined the effects of ErbB2, Akt-1, and MEK1 knockdown on invasion. Gene amplification and overexpression of ErbB2 are linked with increased risk of metastasis (12) (13) (14) . Receptor activation is mediated by heterodimerization with other family members (EGFR, ErbB3, ErbB4) and poten- tiates tumor cell motility and invasion. Activated ErbB2 simultaneously initiates stimulation of linear signaling cascades, such as the Akt, MAPK, and the protein kinase C pathways (15) . Compared with other breast cancer cell lines, ErbB2 expression is up-regulated in HCC1954 cells (SI Fig. 10 ), which correlates with their high invasive potential (Fig. 4A) . Unexpectedly, we did not measure any reduced invasive capacity of these cells when the ErbB2 level had been reduced by Ͼ90% in single knockdown. Even if basal levels of ErbB2 were still present, a reduction of cell invasion should be expected if this protein was a dominant inducer. Most likely, other receptors than ErbB2 can compensate the signaling through Akt-1 and MEK1. For the HCC1954 cells, the EGF receptor could be a candidate for this buffering effect, as this protein is highly up-regulated in this cell line (SI Fig. 10) . Furthermore, the IGF-1R is expressed in these cells (SI Fig. 10 ) and another candidate to test. The 80% reduction of invasion capacity for the Akt-1 single knockdown indicates a dominant role for Akt-1 in cell invasion as compared with MEK1 single knockdown (Fig. 4 A and B) . When both ErbB2 and Akt-1 are down-regulated, signaling through MEK1 could still occur via other growth factor receptors. This cross-talk, however, does not increase the cell-invasion potential, as the effect of ErbB2/ Akt-1 double knockdown is the same as for Akt-1 alone. When both, ErbB2 and MEK1, are down regulated, the invasion capacity of HCC1954 cells is lower as compared with MEK1 single knockdown. Apparently, the activation of Akt-1 through other growth factor receptors or intermediates inhibits cell invasion, although Akt-1 knockdown almost abolishes invasion. The simultaneous knockdown of Akt-1 and MEK1 reduces cell invasion by Ϸ75%, indicating that ErbB2 signaling through other substrates, e.g., PKC, cannot revert the inhibition of invasion once Akt-1 and MEK-1 are down-regulated. In the triple knockdown, ErbB2 signaling is also abolished and other receptors could activate neither Akt-1 nor MEK1. Nevertheless, we detected a reduction of invasion by a mere 60%, meaning that the invasive potential was not as efficiently lowered as in any single or double knockdown involving Akt-1. This reduction was still higher as compared with the ErbB2/MEK1 knockdown. We reason that other pathways could attenuate the inhibiting effect of Akt-1 knockdown in the HCC1954 cells once both the Erk1/2 and the PI3-kinase pathways are blocked, and also ErbB2 is not expressed. These alternative pathways could, for instance, be the integrin-or the Wnt-signaling pathways.
Our results clearly demonstrate that the use of combinatorial RNAi does not only reveal interrelations between the proteins under consideration, but also provides information about the key points where cross-talk with other pathways may occur (Fig. 4B) . It should be noted, however, that these data reflect the situation in the cell line we analyzed, whereas the network and the relation of signaling pathways could well be different in other cell lines.
Individual signaling systems are believed to contribute to a phenotype in a defined and characteristic manner. However, each system is interconnected with others and therefore cannot be viewed in isolation. Currently, there is no technique available which would allow determining cross-talk between pathways in complex protein networks. Applying the presented approach to the systematic investigation of complex protein networks will pave the way toward a new level of understanding in biology.
Materials and Methods
Cell Culture. HCC1954 (ATCC; CRL-2338) cells were cultured in RPMI 1640 Modified Medium (American Type Culture Collection). The medium was supplemented with 50 units/ml penicillin, 50 g/ml streptomycin sulfate, 1% nonessential amino acids, and 10% FBS (all from GIBCO/BRL, Gaithersburg, MD). Cells were split two to three times per week in a 1:3 ratio and cultured until a maximum passage number of 25.
siRNA Sequences. ErbB2, Akt-1, and MEK1 siRNAs were designed by Dharmacon (Lafayette, CO). GFP and Lamin A/C siRNAs were designed and obtained from Qiagen (Hilden, Germany). All siRNA sequences are given in SI Materials and Methods.
siRNA Transfections. HCC1954 cells were seeded at a number of 1.5 ϫ 10 5 per well in antibiotic-free medium in a six-well format (NUNC, Roskilde, Denmark) before transfection. The confluency of the cells was 50-60% at the day of transfection. The indicated amounts of siRNA and Lipofectamine 2000 (Invitrogen, Carlsbad, CA) were diluted separately in reduced-serum medium OptiMEM (GIBCO/BRL) and incubated for 5 min at room temperature. The two solutions were mixed and incubated for 20 min at room temperature. siRNA-Lipofectamine 2000 mixture was then added to the cells, and the plate was mixed by gentle rocking. MOCK transfected cells were treated with Lipofectamine 2000 but without siRNA. Transfected cells were incubated at 37°C and 5% CO 2 for 48 h. (B) Scheme of the ERK1/2 and PI3-kinase pathway (red boxes), and assumed cross-talk effects via other pathways (green boxes, intermittent arrows). ErbB2 activates two pathways in parallel: the Akt-1 pathway influences cell invasion, whereas the ERK1/2 pathway regulates proliferation. For the HCC1954 cells, we showed that, indeed, the Akt-1 pathway is dominant for modulating the invasion capacity as compared with the ERK1/2 pathway. Our result for ErbB2 knockdown suggests that other receptors activate Akt-1 because the invasion capacity is not reduced. The double knockdown of ErbB2 and MEK1 implies that the activation of Akt-1 through other receptors results in a reduction of cell invasion. Our data for the triple knockdown reveal parallel mechanisms that attenuate the invasion potential of HCC1954 cells when both the PI3-kinase and ERK1/2 are blocked.
